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In stroke and proliferative retinopathy, despite
hypoxia driven angiogenesis, delayed revasculariza-
tion of ischemic tissue aggravates the loss of
neuronal function. What hinders vascular regrowth
in the ischemic central nervous system remains
largely unknown. Using the ischemic retina as a
model of neurovascular interaction in the CNS, we
provide evidence that the failure of reparative angio-
genesis is temporally and spatially associated with
endoplasmic reticulum (ER) stress. The canonical
ER stress pathways of protein kinase RNA-like ER
kinase (PERK) and inositol-requiring enzyme-1a
(IRE1a) are activated within hypoxic/ischemic retinal
ganglion neurons, initiating a cascade that results in
angiostatic signals. Our findings demonstrate that
the endoribonuclease IRE1a degrades the classical
guidance cue netrin-1. This neuron-derived cue
triggers a critical reparative-angiogenic switch in
neural macrophage/microglial cells. Degradation of
netrin-1, by persistent neuronal ER stress, thereby
hinders vascular regeneration. These data identify a
neuronal-immune mechanism that directly regulates
reparative angiogenesis.
INTRODUCTION
Central neurons require a secure metabolic supply to ensure
adequate function and transmission of sensory information.
The breakdown of vascular beds in ischemic conditions such
as stroke and proliferative retinopathies prevents nutrient and
oxygen delivery and leads to hypoxic/ischemic events and a
constellation of biochemical changes that compromises cellular
function (Eichmann and Thomas, 2012; Lo, 2008; MoskowitzCeet al., 2010; Sapieha, 2012, Sapieha et al., 2010a). While the
ensuing hypoxia is a potent stimulator of vascular growth itself
(Lange et al., 2011; Ritter et al., 2006; Sapieha et al., 2010a,
2010b), initial attempts to revascularize the ischemic nervous
tissue are typically inadequate (Fukushima et al., 2011; Joyal
et al., 2011). Promoting faster revascularization is of great thera-
peutic interest, as this will decrease the damage secondary to
ischemia and could prevent the destructive hypoxia-driven path-
ological neovascular phase associated with diseases such as
diabetic retinopathy and retinopathy of prematurity (ROP).
In the central nervous system (CNS), one cellular manifestation
of hypoxia/ischemia is endoplasmic reticulum (ER) stress (Chen
et al., 2008; Hayashi et al., 2005; Paschen and Doutheil, 1999;
Tajiri et al., 2004), which activates a collection of signaling path-
ways that initially promote cellular survival in a compromised
metabolic situation. When ER homeostasis is perturbed, the
unfolded protein response (UPR) is initiated and activates phos-
phorylation of protein kinase RNA-like ER kinase (PERK) and
inositol-requiring enzyme-1a (IRE1a) (Bernales et al., 2006;
Marciniak and Ron, 2006; Ron and Walter, 2007; Schro¨der and
Kaufman, 2005). Together, these pathways signal to reduce
the workload of folding machinery inside the ER (Figure 1A).
ER stress is a short-term adaptive response, yet if it persists
and is not resolved, it will contribute to tissue dysfunction (Tabas
and Ron, 2011; Xu et al., 2005). To date, the physiological reper-
cussions of ER stress have largely been investigated in the
context of insulin resistance (Lee et al., 2011), atherosclerosis
(Tabas, 2010), or liver disease (Malhi and Kaufman, 2011) while
its influence in neurovascular homeostasis remains undefined.
The retina is a relevant model in which to study CNS neurovas-
cular crosstalk due to its highly stereotyped apposition of central
neurons, capillaries, venules, arteries, and veins (Dorrell and
Friedlander, 2006; Joyal et al., 2011; Sapieha, 2012) (Figure S1A).
Moreover, of immediate clinical relevance, compromised neuro-
vascular networks result in proliferative retinopathies (PRs) such
as diabetic retinopathy (Aiello, 2005) and retinopathy of prematu-
rity (Sapieha et al., 2010b), which are the principal blinding
diseases affecting pediatric and working-age populations inll Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc. 353
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Figure 1. Neuronal ER Stress Is Induced in
Hypoxic Retinas and Associated with
Failure of Revascularization
(A) Graphic depiction of canonical ER stress
pathways. The PERK arm controls ATF4 expres-
sion while IRE1a mediates XBP1 splicing. Both
lead to GRP78 expression.
(B) Representative photomicrographs of isolectin
B4-stained flatmount retinas from the OIR model
illustrate the progression of vascular growth
following initial vasoobliteration. Upon exit from
O2 at P12, the retina attempts to revascularize, yet
there is an initial stall in regrowth followed by
pathological preretinal neovascularization (white
sprouts) that peaks at P17. Successively, vessels
enter the avascular retina toward P19–P21, and
the preretinal neovascularization regresses.
(C) Sagittal retinal sections show that phosphor-
ylated IRE1a is robustly induced at P14 OIR and
expressed in the retinal ganglion cell layer (GCL)
as demonstrated by colocalization with bIII-
tubulin-positive RGCs. P-IRE1a also stains cells of
the inner nuclear layer (INL). Scale bar: 20 mm.
(D) Sagittal retinal sections show that phosphor-
ylated PERK is induced at P14 OIR and expressed
in the retinal GCL as demonstrated by colocali-
zation with bIII-tubulin-positive RGCs.
(E) The expression of both markers is more robust
in the avascular zones of the retina and does not
colocalize with isolection B4 staining. ONL, outer
nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer. Scale bar: 50 mm.
(F) Whole retinal cross-sections from P14 OIR
confirm that p-IRE1a and p-PERK are expressed
robustly in the central avascular area of the retina.
Scale bar left panel: 20 mm, right panel: 500 mm.
Images and analysis are representatives of three
independent experiments.
(G) Sagittal sections of the retina showing the area
harvested by LCM.
(H and I) ATF4 (H) and GRP78 (I) gene expressions are increased in OIR compared to normoxic littermates as determined by LCM of the ganglion cell layer of the
retina.
(J) PERK and IRE1a are phosphorylated in response to hypoxia in cultured RGCs.
(K–M) ATF4 gene expression (K), XBP1 mRNA splicing (L), and GRP78 gene expression (M) are increased following prolonged hypoxic exposure (n = 4 inde-
pendent experiments for each gene studied). **p < 0.01 and ***p < 0.001. Values respresent a fold increase relative to time 0 hr ± SEM.
(N–P) During the phase of vascular dropout (P8), an injection of a lentivirus coding for an sh.IRE1a at P3 dramatically enhanced vascular regeneration (N) and
decreased the preretinal neovascular area (O) in the regrowth phase of OIR at P17. Injection with a shPERK lentivirus did not result in any significant amelioration
of vascular regeneration or reduction of preretinal neovascularization. Treatment with either sh.IRE1a or shPERK at P3 did not lead to noticeable variations in
vasoobliteration (P). Representative images of retinas from each condition are presented. Scale bar: 1 mm. n = 8 animals/group; *p < 0.05, **p < 0.01, ***p < 0.001
relative to vehicle-treated retinas ± SEM.
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Neuronal ER Stress Prevents Vascular Regenerationindustrialized countries (Gilbert et al., 1997; Kempen et al., 2004).
PRs are generally characterized by initial microvascular degen-
eration followed by an excessive and pathological neovasculari-
zation provoked by the hypoxic retina attempting to reinstate
oxygen and energy supply (Chen and Smith, 2007; Cheung
and Wong, 2008; Smith, 2008). This attempted compensatory
vascular regrowth is initially concentrated at the avascular
border of the injured retina and hence fails to adequately perfuse
the hypoxic tissue (Figure 1B). Instead, the new vessels are
misdirected into the vitreous chamber, resulting in tangential
sheering of the retina and consequent vision loss.
There has been a recent surge in our knowledge of the molec-
ular mechanisms governing blood vessel growth (Carmeliet and
Jain, 2011). During vascular development, several conserved354 Cell Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc.regulatory cues are shared between neurons and vessels
(Adams and Eichmann, 2010; Carmeliet and Tessier-Lavigne,
2005; Erskine et al., 2011; Larrive´e et al., 2009; Miao et al.,
1999; Soker et al., 1998). Vascular tip cells (Gerhardt et al.,
2003) (analogous to axonal growth cones) probe and sense
chemotropic attractant and repellent environmental cues and
respond to the vascular endothelial growth factor (VEGF) by
forming motile filopodia enriched in VEGFR2 and rich in guid-
ance receptors for semaphorins (Neuropilins), netrins (UNC5B
and DCC), ephrins (Ephs), and slits (roundabout) (Adams et al.,
1999; Klagsbrun and Eichmann, 2005; Larrive´e et al., 2009,
2007;Wilson et al., 2006). In addition, there is mounting evidence
for the role of myeloid cells in vascular development (Stefater
et al., 2011a, 2011b), repair (Checchin et al., 2006; Ritter et al.,
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Figure 1. (continued).
Cell Metabolism
Neuronal ER Stress Prevents Vascular Regeneration2006), remodeling (Lang and Bishop, 1993), and anastomosis
(Fantin et al., 2010) where these cells associate directly with
vessels at the vascular front to exert their modulatory effects.
To date, the influence of guidance cues on myeloid-induced
vascular growth and remodeling has not been addressed.
Using the neural retina and its vascular system as a model of
central neurovascular interaction, we set out to determine the
outcome of hypoxia-induced neuronal ER stress on the vascular
beds that perfuse this highly metabolic tissue. Employing the
oxygen-induced retinopathy (OIR) model of vascular degenera-
tion and regeneration (Smith et al., 1994), which serves as a proxy
for human proliferative retinopathies such as diabetic retinop-
athy and retinopathy of prematurity, we uncovered a paradigm
where ER stress in ischemic neurons provokes the suppression
of vascular regeneration into hypoxic regions of CNS tissue.
This results from an IRE1a-dependent downregulation of
netrin-1, a protein we demonstrated to be required for myeloid-Cell Metabolism 17, 353–3dependent revascularization. Either inhi-
bition of IRE1a or treatment with netrin-1
accelerates retinal vascular regeneration
and consequently alleviates the hypoxic
stimulus for destructive neovasculariza-
tion. Our data reveal an inherent capacity
of CNS neurons to repair neighboring
tissue by summoning a reparative innate
immune response and provide evidence
for neuronal-immune communication in
ischemic retinopathies. Approaches to
foster revascularization may be desirable
to counter ischemic stress in the CNS.
RESULTS
Neuronal ER stress Is Induced
in Ischemic Conditions
The activation of canonical ER stress
pathways is a conserved mechanism
that enhances cellular survival under low
metabolic conditions by reducing protein
synthesis. This is achieved via phosphor-
ylation of ER membrane-resident pro-
teins such as PERK and IRE1a (Fig-
ure 1A). PERK restricts the translational
machinery to a selected subset of mes-
senger RNAs (mRNAs) such as ATF4,
whereas phosphorylated, active IRE1a
promotes splicing of XBP1 into an active
transcription factor (XBP1s) that pro-
motes expression of genes involved in
UPR while the unspliced form (XBP1u)
blocks transcription of genes involved in
UPR. ATF4 and XBP1s induce transcrip-
tion of specific homeostasis genes,
such as the chaperone GRP78, to in-
crease the protein-folding capacity ofthe ER (Figure 1A) (Ron and Walter, 2007). To determine if
ischemia in central nervous tissue can provoke ER stress, we
used the mouse model of OIR (75% oxygen from P7–P12
[postnatal day 7–12] and room air until P17), which yields
a central avascular retina (Smith et al., 1994). This vascular
degeneration is followed by a second phase of deregulated
(albeit compensatory) vascular regeneration (Figure 1B). The
secondary regrowth occurs upon return to room air (P12) for
a period of approximately 7 days (Stahl et al., 2010).
We initially performed a time course for the expression of
classical markers of ER stress throughout OIR. We focused on
time points corresponding to the hyperoxic vasoobliterative
phase (P10), upon return to normal air (P12), and in the initial
phase of progressive vascular regrowth (P14). Phosphorylated
PERK and IRE1a were found primarily in the ganglion cell layer
(GCL) and colocalized with the RGC marker bIII-tubulin (Figures
1C and 1D). The phosphorylation was evident in P14 OIR retinas71, March 5, 2013 ª2013 Elsevier Inc. 355
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356 Cell Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc.during the early phase of vascular regeneration when reparative
angiogenesis proceeds at a slow pace and the central retina
remains hypoxic (Figures 1C and 1D). No phosphorylation of
IRE1a and PERKwas observed in the vascular layers (Figure 1E),
highlighting the neuronal nature of the ER stress. This expression
pattern was associated robustly with the central avascular area
of the retina as confirmed with endothelial isolectin B4 staining
(Figure 1F). Moreover, using laser capture microdissection
(LCM), we specifically isolated the RGC layer from the retina (Fig-
ure 1G) and analyzed the expression of downstream effectors of
ER stress pathways. Significantly enhanced expression of ATF4
and GRP78 transcripts was found in OIR mice compared to
normoxic littermates at P14 (Figures 1H and 1I).
These findings were confirmed using an in vitro model of
retinal neuron precursors cells (RGC-5) (Joyal et al., 2011;
Sapieha et al., 2008) exposed to hypoxic conditions (1% O2) in
order to mimic the retinal ischemia present at P14 of OIR. First,
we noted a pronounced phosphorylation of PERK and IRE1a
(Figure 1J) representing the activation of ER stress pathways
upon exposing RGC-5s to hypoxic conditions (starting at 4 hr).
The activation of these pathways coincided with a marked upre-
gulation of their effectors. ATF4 induction was detected at 8 hr
and reached a greater than 8-fold increase in expression after
48 hr (Figure 1K). Concordantly, an increased splicing of XBP1
was observed, confirming the activation of IRE1a (ratio of
0.6327 at 0 hr and 1.826 at 4 hr of spliced versus unspliced
XBP1 mRNAr) (Figure 1L). GRP78 expression was similarly
elevated at 12 hr and increased by 8-fold at 24 hr (Figure 1M).
The same pattern was noted for C/EBP homologous protein
(CHOP), a transcription factor whose expression is controlled
primarily by ATF4 and to a lesser extent by XBP1s (Oyadomari
and Mori, 2004) (Figure S1B). Together, these findings indicate
that the microvascular degeneration and ensuing ischemia
characteristic of proliferative retinopathies triggers ER stress in
retinal ganglion neurons.
Neuronal ER Stress Provokes Failure of Vascular
Regeneration
Recent studies demonstrate that RGCs are important effector
cells for retinal angiogenesis (Edwards et al., 2012; Fukushima
et al., 2011; Joyal et al., 2011; Kim et al., 2011; Sapieha et al.,
2008). We therefore sought to determine if ER stress in these
neurons could influence retinal revascularization in OIR. To
specifically hinder ER stress in RGCs in vivo, we generated
lentiviral (Lv) vectors carrying small hairpin RNAs (shRNAs).
These Lv vectors exhibit high tropism for RGCs when delivered
intravitreally (Joyal et al., 2011; Sapieha et al., 2008) (Figure S2A).
A single intravitreal injection of lentivirus shIRE1a (Lv.shIRE1a) or
Lv.shPERK at P7 led to a significant reduction in IRE1a and
PERK expression in whole retinas (Figures S2B and S2C,
respectively). Lv.shIRE1a injections robustly enhanced retinal
vascular regeneration by 3.7-fold compared to vehicle-treated
controls (as determined by the extent of remaining avascular
areas at P17; Figure 1N). Importantly, the enhanced rate of
reparative angiogenesis profoundly reduced destructive pre-
retinal neovascularization associated with ischemic retinopa-
thies by over 65% (Figure 1O). This is likely attributed to the alle-
viation of hypoxic stress. Conversely, injections of Lv.shPERK
did not result in any significant changes in retinal vascularization
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Figure 2. Netrin-1 Is Downregulated by
Hypoxia-Triggered ER Stress
(A–C) Retinal Netrin-1 protein levels (western blot)
drop during periods associated with elevated ER
stress and vascular regeneration failure in OIR.
n = 4 retinas/group, *p < 0.05 relative to normoxia.
Netrin-1 is predominantly expressed in the retinal
ganglion cell layer and colocalizes with bIII-positive
RGCs, as assessed by IHC (B) and LCM (C). RPE =
retinal pigment epithelium (representative of three
independent experiments; P10 normoxic mouse
eye). Scale bar, 50 mm; *p < 0.05.
(D) The drop in netrin-1 expression correlates with
increased splicing of IRE1a in the ganglion cell
layer isolated by LCM. *p < 0.05, ***p < 0.001
relative to normoxic controls and normalized to
P10 ± SEM. n = 3 independent experiments.
(E and F) Netrin-1 gene expression is significantly
reduced at P14 OIR (E) but preserved in
Lv.sh.IRE1a-injected retinas (F). VEGF expression
is not altered by Lv.shPERK and Lv.shIRE1a
injections at P14 of OIR. n = 4 retinas. Injection
of Lv.sh.PERK does not induce any significant
change in netrin-1 gene expression. N.S., not
significant; *p < 0.05, **p < 0.01 relative to normoxic
vehicle or lv.shGFP-injected retinas ± SEM.
(G) Temporal gene expression of netrin-1 and
VEGF in hypoxic cultured RGC-5 demonstrate the
gradual increase of VEGF and the sharp drop in
netrin-1. n = 4 independent experiments; *p < 0.05,
***p < 0.001 relative to time 0 hr ± SEM.
(H) Lv.shIRE1a preserves netrin-1 mRNA against
hypoxic exposure. Graph depicts netrin-1 gene
expression after 8 hr of hypoxia in cultured RGCs
stably expressing shRNAs for either PERK, IRE1,
PERK and IRE1a, or controls. n = 5 independent
experiments; *p < 0.05 relative to shGFP-trans-
fected cells ± SEM.
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Neuronal ER Stress Prevents Vascular Regeneration(Figure 1N) or neovascular tuft formation (Figure 1O), highlighting
the central role of IRE1a in the control of reparative retinal angio-
genesis. Importantly, we did not observe any differences in the
extent of vasoobliteration at P12 upon treatment with either
Lv.shIRE1a or Lv.shPERK (Figure 1P), thus confirming that the
observed ER stress is primarily affecting the second phase
regeneration and not the initial phase of vascular degeneration.
These findings illustrate that ER stress (more specifically IRE1a
activity) in hypoxic retinal ganglion neurons contributes to stall-
ing vascular regrowth. Inhibiting this neuron-associated stress
directly impacts reparative vascularization and thus highlights
the importance of neurovascular crosstalk in this model of
ischemic retinopathies.
Netrin-1 Is Degraded in Hypoxic Conditions by ER Stress
ER stress has been classically described as evoking a non-
specific response to restore cellular function. However, growing
evidence points to a degree of selectivity with specific sub-
strates being preferentially targeted by the effectors of the ER
stress response. This is the case specifically with the endoribo-
nuclease activity of IRE1a (Han et al., 2009; Hollien and Weiss-
man, 2006). Given the elucidation of key roles for neuronal guid-
ance cues in retinal vascularization (Eichmann and Thomas,
2012; Fukushima et al., 2011; Jones et al., 2008; Joyal et al.,Ce2011; Kim et al., 2011; Larrive´e et al., 2007), we turned our
attention to these molecules.
Upon subjecting mice to the OIR model, we observed that the
neuronal guidance protein netrin-1 (Kennedy et al., 1994) was
profoundly downregulated at P14 (Figure 2A), a time that corre-
sponds to elevated ER stress and initial attempts at vascular
restoration (Figure 1B). In the retina, netrin-1 is mainly produced
in the ganglion cell layer and colocalizes with the RGC marker
bIII-tubulin (Figure 2B). In addition, cells of the inner nuclear layer
showed a modest level of netrin-1 expression. This was con-
firmed by performing LCM on retinal layers where netrin-1
expression was 16-fold higher in the ganglion cell layer when
compared to the RPE layer. Cells of the outer and inner nuclear
layers showed only modest expression of netrin-1 (Figure 2C).
We also confirmed that the expression of netrin-1 mRNA drops
in the GCL layer as determined in LCM-isolated samples from
P14 OIR and compared to normoxic littermates (Figure 2D).
Interestingly, this drop in netrin-1 correlates with an increase in
IRE1a-mediated XBP1 splicing activity at P14 OIR and thus
temporally links IRE1a activity with a drop in netrin-1 mRNA (Fig-
ure 2D). Importantly, the decrease in netrin-1 mRNA seen at P14
(Figure 2E) is largely prevented by lentivirus small hairpin (Lv.sh)-
mediated knockdown of IRE1a following intravitreal injection
(Figure 2F), an effect not seen with Lv.shPERK. These datall Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc. 357
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Neuronal ER Stress Prevents Vascular Regenerationidentify a specific link between the IRE1a arm of the ER stress
pathway and netrin-1. Moreover, as observed in whole retinal
mRNA at P14 OIR, the degradation of netrin-1 by IRE1a is selec-
tive for netrin-1 since levels of VEGF are not affected by intravi-
treal administration of Lv.shPERK or Lv.shIRE1a (Figure 2F).
While the levels of VEGF are not elevated in whole retinas, anal-
ysis at the microenvironmental level will be required to tease out
the contribution of individual cell populations to VEGF produc-
tion. Concordantly, netrin-1 decreases in cultured RGC-5s under
hypoxic conditions (1% O2) that mimic the ischemic phase of
retinopathy while other transcripts such as VEGF increased as
expected (Figure 2G). In this experimental paradigm, cultured
RGC-5s were not serum starved in order to prevent premature
induction of ER stress and UPR by amino acid deficiency.
To ascertain if ER stress pathways are responsible for the
downregulation of netrin-1 in RGCs under hypoxic conditions,
we generated PERK- and IRE1a-deficient RGCs by stable trans-
fection with shRNA. Using these cell lines, we determined that
IRE1a is the primary negative regulator of netrin-1 mRNA, as
IRE1a-deficient cells showed significantly increased levels of ne-
trin-1 under hypoxic conditions. Importantly, PERK-deficient
cells or cells deficient for both PERK and IRE1a did not show
any additional preservation of netrin-1 mRNA when compared
to IRE1a alone, thus confirming the prominent role for IRE1a in
the downregulation of netrin-1 (Figure 2H).
Netrin-1 Is Cleaved by the RNase Activity of IRE1a
Recent evidence suggests that the ribonuclease (RNase) activity
of IRE1a, also termed IRE1-dependent decay (RIDD), specifi-
cally targets mRNAs encoding proteins that traverse the ER-
Golgi secretory pathway (Hollien and Weissman, 2006). There-358 Cell Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc.fore, to determine if netrin-1 could be
a substrate for IRE1a, we cotransfected
human embryonic kidney (HEK) cells that
express endogenously low levels of
netrin-1 (Shekarabi and Kennedy, 2002)
with a plasmid encoding netrin-1 with
or without an expression plasmid for
IRE1a, a kinase-inactive/RNase-dead
IREa (K599A), or an exclusively RNase-
dead IRE1a (K907A) (Figure 3A) (Lipson
et al., 2008). The overexpression of
IRE1a drastically decreased the level of
netrin-1 mRNA (Figure 3B), an effect also
seen at the protein level (Figure 3C). In
contrast, the degradation of netrin-1 was
not observed with the kinase/endoribonu-
clease inactive dominant-negative mutant
K599A (Lipson et al., 2008) or the endori-
bonuclease-dead mutant K907A (Figures
3B and 3C). In this experimental paradigm
employing HEK cells, no effect was noted
on the level of VEGF in the time frame
(48 hr) investigated, demonstrating the
selectivity of the reaction (Figures 3B and3C). These results were confirmed by northern blot using
a netrin-1-specific probe (Figure 3D).
IRE1a has been shown to target specific scission sites; these
include 50-CAGCAG-30 in adjacent mRNA stem loops. This was
demonstrated for the transcripts of mouse insulin II (Han et al.,
2009) or makorin RING finger protein 2 (Oikawa et al., 2010).
Using a bioinformatics approach, we generated the 2D structure
of netrin-1 transcript (Figure 3E) and noted two putative cleavage
sites for IRE1a in positions 1605–1610 and 1670–1675 located in
stem loops (Figure 3E, red arrows). Exposure of cultured RGC-5s
to hypoxia for 24 hr led to a substantial drop in netrin-1 mRNA as
determined by semiquantitative PCR and was largely reversed
when blocking IRE1a expression with shRNAs (Figure 3F).
Netrin-1 fragments were very unstable using a cell transfection
system, and no cleavage fragments were found by northern
blot (Figure 3D), which could be due to the rapid activity of
50-to-30 and 30-to-50 exonucleases. We therefore employed
a cell-free system to analyze the presence of these fragments
using recombinant GST-fused IRE1a. We designed distinct
sets of primers spanning the predicted sequences of IRE1a
cleavage sites in netrin-1 mRNA. Loss of netrin-1 transcript
was only observed when amplifying across the prospective
IRE1a scission sites (959–1683 but not 511–891) (Figure 3G),
thus confirming that IRE1a targets netrin-1. Together these
data demonstrate that netrin-1 mRNA is a substrate for IRE1a.
Restoring Netrin-1 Accelerates Revascularization
of the Ischemic Retina
Given the pronounced reduction of netrin-1 (noted above; Fig-
ure 2) during a period in which retinal revascularization is
compromised (Joyal et al., 2011; Stahl et al., 2010), we sought
ANtn-1→
18S→
Ve
hic
le
sh
GF
P
IR
E1
α W
T
IR
E1
α K
59
9A
Nt
n-1
Nt
n-1
+s
hG
FP
Nt
n-1
+IR
E1
α W
T
Nt
n-1
+IR
E1
α K
59
9A
mRNA 
degradation
Kinase 
active
RNase 
active
IRE1α K599AIRE1αWT
Kinase
inactive
No mRNA
 degradation
RNase
 dead
Net-1→
β-actin→
Ve
hic
le
sh
GF
P
IR
E1
α W
T
IR
E1
α K
59
9A
Nt
n-1 Nt
n-1
+s
hG
FP
Nt
n-1
+IR
E1
α W
T
Nt
n-1
+IR
E1
α K
59
9A
Nt
n-1
+IR
E1
α K
90
7A
IR
E1
α K
90
7A
Nt
n-1
+IR
E1
α K
90
7A
IR
E1
α K
90
7A
VEGF→
IRE1α K907A
No mRNA
 degradation
RNase
 dead
B
C
VEGFA→
Kinase
active
IRE1α→
Figure 3. Netrin-1 Is Cleaved by the RNase Activity of IRE1a
(A) Schematic representation of IRE1a RNase activity following kinase
activation, which can be abolished using a K599A or K907A mutant.
(B and C) Netrin-1 and IRE1aWT expression plasmid cotransfection results in
the degradation of netrin-1 mRNA (B) and protein (C). Cotransfection with an
IRE1a endoribonuclease/kinase-dead mutant (K599A), an endoribonuclease-
inactivated mutant (K907A), or an irrelevant expression plasmid (shGFP)
does not induce degradation of netrin-1 mRNA (B) or protein (C). VEGF mRNA
(B) and protein (C) are not degraded by IRE1a activity. IRE1a is highly ex-
pressed following transfection with IRE1a WT, K599A, or K907A plasmids
(third panel) (B).
(D) Northern blot showing degradation of the netrin-1 mRNA using the same
conditions as in (B) and (C).
(E) 2D reconstitution of secondary structure of netrin-1 murine mRNA (position
1191–1960). Red arrows depict putative 50-CAGCAG-30 recognition sites for
IRE1aRNase activity in stem loops (position 1605–1610 and 1670–1675). Each
predicted base pair is colored with the heat color gradation from blue to red,
indicating the base-pairing probability from 0 to 1.
(F) Netrin-1 mRNA degradation in hypoxic RGCs (1%O2) can be reversed with
an shRNA directed against IRE1a.
(G) Amplification products with primers spanning the putative cleavage sites
(959–1683) show degradation of netrin-1 mRNA with recombinant IREa, an
effect not seen with primers outside the cleavage sites (511–891). Panels (B),
(C), (D), (F), and (G) are representative of at least three separate experiments.
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Ceto determine if restoring netrin-1 levels by ectopic intravitreal
administration would enhance reparative angiogenesis following
OIR. A single intravitreal injection of netrin-1 at P14 accelerated
vascular regeneration and consequently decreased the avas-
cular area of retina in a dose-dependent manner: 25% reduction
with 50 ng/mL, 57% with 100 ng/mL, and 67% reduction with
200 ng/mL (Figure 4A). This rapid restoration of retinal vascular-
ization lead to reduced pathological preretinal neovasculariza-
tion with the 100 ng/ml dose abrogating close to 70% of this
destructive angiogenesis (Figure 4B). To ascertain whether
the regenerated vessels were healthy, we determined their
barrier function by angiography with fluorescein isothiocyanate
(FITC)-dextran. Regenerated vessels in netrin-1-injected retinas
assumed a healthy disposition and did not present any signs of
vascular leakage in contrast to vehicle-injected controls, which
showed blebbing and poor retention of FITC-dextran (Figure 4C).
These data attest to the stability of the neovessels in netrin-1-
treated retinas.
To further confirm the role of netrin in retinal angiogenesis, we
designed a lentiviral vector carrying an shRNA targeting netrin-1
and administered it to the developing retina. Intravitreal injection
of Lv.shNtn1atP2significantly reduced theexpressionof netrin-1
at P7 (Figure S3A) and resulted in an abnormal vascular front
with several retracted tip cells (Figure S3B, solid white arrows).
Isolectin-B4-positive microglial cells were found in the general
vicinity of the growing vascular front, yet were less in direct
contact with vascular tip cells in Lv.shNtn-1-treated retinas (Fig-
ure S3B, gray dotted arrows). Taken with the previous, these
data demonstrate that a specific substrate of neuronal ER stress,
namely netrin-1, has potent vasoregenerative properties.
Netrin-1 Modulates the Expression of VEGF
in Macrophage/Microglial Cells
To gain insight into the mechanisms by which netrin-1 acceler-
ates retinal revascularization, we explored its influence on the
prominent retinal proangiogenic factor VEGF (Pierce et al.,
1995; Pierce et al., 1996). The same intravitreal injection of
netrin-1 that significantly enhanced revascularization (Figure 4)
induced a significant yet very modest increase in gene expres-
sion of VEGF in the total retina 24 hr postinjection (Figure 5A).
Elevated panretinal levels of VEGF are associated with patholog-
ical ocular neovascularization (Aiello et al., 1995). However, we
observed only a modest rise in retinal VEGF in our experimental
paradigm. Yet this increase in VEGF precipitated reparative
angiogenesis. We therefore sought to explore the source of the
VEGF production at a microenvironmental level and elucidate
which cell population was responsible for this netrin-1-induced
production of VEGF.
Following administration of Myc-tagged recombinant netrin-1
protein to the vitreous as described above (Figure 4), we
detected Myc-netrin-1 specifically localized to lectin and Iba1-
positive microglia/macrophages at the vascular front (Figure 5B)
in close proximity with tip cells (Figure 5B, white arrows).
Confocal images were taken 3 hr postinjection. A 3D reconstruc-
tion shows the binding of exogenously applied netrin-1 to the cell
surface of microglia/macrophages (Movie S1).
To determine whether netrin-1 can have biological effects on
these cells, we evaluated the expression of netrin-1 receptors
in amurinemacrophage cell line (J774) (Figure 5C) and in primaryll Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc. 359
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Neuronal ER Stress Prevents Vascular Regenerationmicroglia (Figure S4A). Our results demonstrate that UNC5B,
neogenin, and the putative receptor for netrin, adenosine A2B
receptor (AA2BR), are expressed in macrophages (Figure 5C),
with a similar pattern in primary microglial cells (Figure S4A).
Conversely, UNC5A and DCC are undetectable or negligibly
expressed in macrophages or microglia. Macrophages may
thus be required for netrin-1 to exert proangiogenic effects, as
netrin-1 alone has been elegantly shown to inhibit sprouting
angiogenesis (Larrive´e et al., 2007).
We next analyzed the ability of netrin-1 to induce expression
of VEGF and angiopoietins directly in macrophages. Netrin-1
(100 or 200 ng/ml) induced a 3-fold increase of VEGF ex-
pression in macrophages (Figure 5D). Moreover, a significant
increase in other proangiogenic factors such as Angiopoietin 2
was noted while the vasostabilizing Angiopoietin 1 was affected
minimally, suggesting a general proangiogenic modulation
by Netrin-1 (Figure S4B). Increased expression of VEGF was
induced similarly in primary microglia by application of netrin-1
(Figure S4C). Given that Angiopoietin 2 requires VEGF to induce
angiogenic growth, we focused our study on VEGF. We there-
fore analyzed the expression of VEGF in the presence of various
blockers of netrin-1 receptors. In this context, only the AA2BR
antagonist PSB1115 or an AA2BR siRNA were able to decrease
the induction of VEGF while neutralizing antibodies or siRNAs
against UNC5B (Ly et al., 2005; Tadagavadi et al., 2010), and360 Cell Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc.Neogenin (Lejmi et al., 2008) did not
prevent this induction (Figure 5D). We veri-
fied that these siRNAs were transfected
effectively in macrophages using siGLO
and fluorescence-activated cell sorting
(FACS) analysis (Figure 5D, inset) and
certified their specificity and potency
(Figure S4D).
To confirm that netrin-1 can exert a
biological effect on macrophages, we
analyzed the activation of the mitogen acti-
vated protein kinase (MAPK) ERK1/ERK2
as a generic readout of intracellular
activity. Relevantly, ERK1 and ERK2 are
known to be activated by the AA2BR
(Yang et al., 2011) and stimulated following
netrin-1 exposure to epithelial cells (Wang
et al., 2009). Treatment of macrophages
with a 100 ng/mL dose of netrin-1 induced
a rapid increase of ERK1/ERK2 phosphor-
ylation starting at 5 min and peaking at
30 min (Figure 5E). Preincubation with
PSB1115 reversed ERK1/ERK2 phos-
phorylation (Figure 5F), confirming the
involvement of this receptor in netrin-1-
mediated signaling in macrophages. These
data reveal that netrin-1 can prompt
myeloid cell production of proangiogenic
factors such as VEGF. This provides a
paradigm in which netrin-1 induces anangiogenic switch in microglial cells and drives reparative angio-
genesis at a microenvironmental level, thus promoting localized
vascular regeneration without increasing overall pathological
angiogenesis.
The Proangiogenic Properties of Netrin-1 Are Driven
by Macrophages
To investigate the contribution of macrophages to the proangio-
genic effects of netrin-1, we conducted a series of ex vivo and
in vitro angiogenesis assays. Cultured macrophages were
exposed to 100 ng/mL netrin-1 for a period of 24 hr and used
to condition fresh culture media (Figure 6A). The conditioned
media (CM) containing factors secreted by macrophages
secondary to netrin-1 stimulation was collected, filtered, and
used to culture human retinal microvascular endothelial cells
(HRMECs). Using a CyQUANT Cell Proliferation Assay, we found
that supernatants from netrin-1-stimulated macrophages in-
duced a robust 30-fold induction in HRMEC proliferation com-
pared to nonstimulated controls (Figure 6B). In line with the
results above, the AA2BR inhibitor, PSB1115, abolished the
proliferative effects of netrin-1 (Figure 6B). Direct addition of
netrin-1 lead to less pronounced endothelial proliferation, sug-
gesting that the proangiogenic effects of CM are mediated by
factors produced by netrin-1-stimulated macrophages and
not by exogenously added netrin-1. In order to confirm the
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Figure 4. Administration of Netrin-1 to
Ischemic Retinas Enhances Vascular Re-
generation and Suppresses Pathologic
Neovascularization
(A and B) Isolectin B4 stained retinas from P17
mice injected intravitreally at P14 with 50, 100, or
200 ng/mL of recombinant netrin-1 or vehicle
(PBS). Netrin-1 effectively enhanced reparative
angiogenesis (A) and diminished neovascular
areas (B) as determined at P17. Representative
images of retinas for each condition are pre-
sented. n = 10–13 animals/group for each calcu-
lation; *p < 0.05, **p < 0.01,***p < 0.001 relative to
vehicle-injected retinas ± SEM. Scale bar: 1 mm.
(C) Neovessels induced by netrin-1 treatment do
not show any signs of leakage of FITC-dextran, as
opposed to vehicle-injected retinas. Representa-
tive images of three independent experiments.
Scale bar: 100 mm.
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Neuronal ER Stress Prevents Vascular Regenerationangiogenic potential of netrin-1-stimulatedmacrophages in vivo,
we used a Matrigel plug assay in which CM was solubilized with
Matrigel and injected subcutaneously in mice. Ten days
following introduction of plugs, mice were perfused with FITC-
dextran, and the extent of invading vascularization was quanti-
fied by spectrofluorometry. Netrin-1 CM induced a 4-fold
increase in plug angiogenesis (Figure 6C), an effect visualized
by fluorescent microscopy (Figure 6C). Consistent with the
data above, inhibition of AA2BR efficiently abolished the
capacity of netrin-1 to induce macrophage-dependent vascular-
ization, as revealed by a decrease in vascular networks observed
in PSB1115-CM-treated Matrigel plugs (Figure 6C).
Next, we verified if netrin-1 CM from macrophages could
induce sprouting angiogenesis in aortic explants. The results
presented in Figure 6D demonstrate that CM frommacrophagesCell Metabolism 17, 353–3incubated with netrin-1 significantly
increased aortic ring sprouting area com-
pared to controls. As above, the CM
harvested from macrophages pretreated
with PSB1115 provoked considerably
less vascular growth, thus confirming the
role of this receptor in netrin-1-induced
angiogenesis (Figure 6D).
Importantly, consistent with previous
studies (Larrive´e et al., 2007), direct incu-
bation of aortic explants with netrin-1
alone lead to a dose-dependent reduc-
tion in vascular sprouting (Figure S5).
These results underscore the importance
of macrophages in mediating the proan-
giogenic effects of netrin-1. Given the
central role of VEGF in angiogenesis,
including as a positive modulator of the
effects of angiopoietins, we sought to
determine if neutralization of VEGF would
abrogate the proangiogenic effects of the
CM from netrin-1-treated macrophages.
Indeed, our data confirm that VEGF was
the major proangiogenic effector in theCM, given that addition of a VEGF-neutralizing antibody re-
versed the observed sprouting angiogenesis (Figure 6E), an
effect not seen with addition of a control goat immunoglobulin
G (IgG) antibody. Combined, the findings presented in Figure 6
provide evidence that the direct effect of netrin-1 on proliferation
and migration of endothelial cells was either not significant or
negligible compared to the pronounced effect of netrin-1 CM
that was obtained from macrophages. Moreover, we showed
that VEGF is a central proangiogenic effector secreted by
netrin-1-stimulated macrophages.
Neurovascular Regeneration by Netrin-1 In Vivo
Is Macrophage/Microglial Cell Dependent
Retinal myeloid cells (macrophages/microglia) participate in vas-
cularization both during development (Stefater et al., 2011a,71, March 5, 2013 ª2013 Elsevier Inc. 361
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Neuronal ER Stress Prevents Vascular Regeneration2011b) and in pathological neovascularization (Stahl et al.,
2010). To confirm that retinal macrophages/microglia mediate
the observed netrin-1-induced vascular regeneration of the
ischemic retina (Figure 4) and to further rule out a direct effect
of netrin-1 on endothelium, we proceeded to deplete the retina
of myeloid cells by intravitreal injection of clodronate liposomes
prior to treatment with netrin-1. Clodronate liposomes have been
used successfully to remove macrophages from distal organs
(van Rooijen and van Kesteren-Hendrikx, 2002) as well as the
retina (Ishida et al., 2003; Ritter et al., 2006). We first confirmed
the ability of our clodronate liposome preparation to induce
apoptosis of macrophages in vitro (Figure S6).
We next verified the efficacy with which clodronate liposomes
deplete retinal macrophages/microglia by FACS analysis.
Treatment with clodronate liposomes lead to a significant
2-fold reduction in retinal macrophages/microglia compared to
control empty liposomes as confirmed by 7-AAD negative-
F4-80/CD11b positive cells (4,500 microglia for empty lipo-
somes and 2,300 microglia for clodronate liposomes/retina).
7-AAD negative cells are viable (Figure 7A).
As expected, intravitreal injection of netrin-1 enhanced
vascular regeneration by 50% as observed at P17 in empty-
liposome-injected animals. Conversely, delivery of netrin-1 to
macrophage/microglia-depleted retinas did not induce any
significant difference in vascular regeneration, thus underscor-
ing the importance of these immune cells in netrin-1-induced
angiogenesis (Figure 7B). We next verified the contribution
of the macrophage/macroglial-derived VEGF produced in
response to netrin-1 (described in Figures 5 and 6). To this
end, we simultaneously injected netrin-1 and anti-VEGF neutral-
izing antibodies and analyzed the outcome on vascular regener-
ation at P17. Blocking antibodies for VEGF effectively abolished
the proregenerative effect of netrin-1, confirming the key role of
this factor in the regeneration of the vasculature observed in our
paradigm (Figure 7C). Our data indicate that netrin-1 activates an362 Cell Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc.angiogenic switch in macrophages/microglia, and thus drives
microenvironmental revascularization, but does not contribute
to pathological preretinal neovascularization. Taken together,
we demonstrate that sustained ER stress specifically targets
netrin-1, which we identify as a potent retinal revascularization
factor that mediates its effects through retinal myeloid cells.
DISCUSSION
The neurovascular unit has been increasingly investigated in
health and disease over the course of the last decade. In this
study, we put forward two concepts pertaining to the role of
ER stress in hindering reparative angiogenesis within the CNS.
First, we demonstrate that sustained neuronal ER stress,
through the endoribonuclease IRE1a, provokes the degradation
of netrin-1 and results in revascularization failure of the ischemic
retina. Second, we present neuronal-derived netrin-1 as a potent
mediator of myeloid-cell-induced CNS vascular regeneration
(Figure 7C). Although mechanisms governing vascular degener-
ation and the ensuing preretinal neovascularization in pro-
liferative retinopathies have been extensively studied (Ashton
et al., 1954; Campbell, 1951; D’Amore and Sweet, 1987; Lund-
baek et al., 1970; Michaelson, 1948; Simons and Flynn, 1999;
Smith, 2004; Smith et al., 1994; Tesfamariam, 1994), there are
no strategies to date to accelerate revascularization of the vaso-
obliterated retina and consequently alleviate the ischemic stress
that is central to disease progression. Gaining insight into why
vascular regeneration stalls or proceeds at compromised rates
will be key to understanding the pathomechanisms of ischemic
neuropathies.
Hypoxia is an activator of the unfolded protein response in
conditions such as ischemic heart disease or cerebral ischemia
(Tajiri et al., 2004). We demonstrate that both arms of the ER
stress response, IRE1a (cleavage of XBP1) and PERK (induction
of ATF4), are profoundly induced in response to neuronal
hypoxia. Although it is well established that mild hypoxia (via
hypoxia-inducible factor [HIF]) drives a cluster of over 70 genes
that encode proteins that promote the adjustment to an oxygen
deficient state (Bruick, 2003; Lange and Bainbridge, 2012; Paul
et al., 2004), it is conceivable that when the ischemic shock
persists, the nervous tissue segregates irreversibly damaged
regions in an attempt to deviatemetabolic stores to less-affected
and more-salvageable areas (Joyal et al., 2011). Globally, this
concept may in part explain the production of vasorepulsive
guidance cues in ischemic cores secondary to severe vascular
injury in stroke (Fujita et al., 2001) or in vasodeficient areas of
the retina in retinopathy (Fukushima et al., 2011; Joyal et al.,
2011). The sustained activation of ER stress pathways, and
specifically IRE1a, may provide the neuron with the appropriate
enzymatic machinery to shift from a prosurvival program to one
that repels vessels and thus redistributes oxygen and nutrients
to sectors of tissue that would preferentially benefit. In agree-
ment, degradation of netrin-1 transcripts by IRE1a during a state
of sustained hypoxia perturbs revascularization and thus permits
vasorepellant factors such as semaphorins 3A and 3E to deviate
nascent angiogenic sprouts from severely ischemic areas of
nervous tissue (Fukushima et al., 2011; Joyal et al., 2011).
The paradigm we present suggests that the cellular conse-
quences of ER stress are finely tuned and selective. In an attempt
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Figure 5. Netrin-1 Activates AA2BR on
Macrophages and Provokes the Release of
VEGF in an ERK1/ERK2-Dependent Manner
(A) Intravitreal injection of netrin-1 (100 ng/mL at
P14) induces retinal VEGF gene expression at P15
OIR. n = 6 animals/group; **p < 0.01 relative to
vehicle injected retinas ± SEM.
(B) Confocal images of c-Myc-tagged netrin-1
reveals binding to Iba1-positive macrophages/
microglia 3 hr postinjection (P14 OIR). Represen-
tative images of three independent experiments.
(C) Macrophages express classic netrin-1 recep-
tors UNC5B, Neogenin, and AA2BR. Expression
was normalized relative to retinas of normoxic
mice at P10. n = 3 independent experiments.
(D) Netrin-1 induced VEGF gene expression in
macrophages after 24 hr of incubationwith varying
doses of netrin-1. Pretreatment with PSB1115
(5 mM) lead to a significant reduction in VEGF
expression while anti-UNC5B or anti-neogenin
neutralizing antibody (both used at 5 mg/mL) did
not affect netrin-1-induced VEGF expression. n = 6
independent experiments. These results were
confirmed using siRNA against AA2BR, UNC5B,
and neogenin (checkered columns). *p < 0.05,
**p < 0.01 relative to vehicle or 100 ng/mL
netrin-1 ± SEM. Inset: FACS analysis shows that
transfection was effective in macrophages using
siGLO reagents (>90% FL-1+ in transfected cells
as opposed to <5% FL-1+ in vehicle-transfected
controls). Representative of three independent
experiments.
(E and F) Netrin-1 (100 ng/mL) induced ERK1/
ERK2 phosphorylation in macrophages while
pretreatment with PSB1115 (5 mM) blocked the
activation of ERK1/ERK2 (depicted at 30 min
following stimulation) (F). Representative image of
three independent experiments.
Cell Metabolism
Neuronal ER Stress Prevents Vascular Regenerationto elucidate the mechanism by which ER stress in retinal
ganglion neurons stalls neurovascular regeneration, we identi-
fied netrin-1 as a selective substrate for IRE1a via a mechanism
previously described as IRE1a-dependent decay (RIDD) of
messenger RNA (Hollien and Weissman, 2006). Specifically
targeting effectors such as netrin-1, while permitting VEGF levels
to increase, will hinder netrin-1-induced revascularization while
maintaining adequate VEGF levels to provide neurotrophic
support of neighboring retinal neural tissue (Robinson et al.,
2001). Similarly, it is now believed that several substrates for
IRE1a exist including the mRNas encoding insulin (Lipson
et al., 2008), CD59 (Oikawa et al., 2007), HMG-CoA reductase,
b2-microglobulin, and the microRNA for TXNIP (miR-17) (LernerCell Metabolism 17, 353–3et al., 2012). IRE1a-mediated mRNA
degradation provides a rapid mechanism
to deplete cells of ER-localized mRNAs
and alleviate the metabolic burden of
protein folding inside the ER. Interest-
ingly, in our experimental paradigms, we
did not observe any direct effects of
IRE1a on the induction of VEGF, as has
been suggested (Drogat et al., 2007;
Ghosh et al., 2010). This could be attrib-uted to IRE1a’s ability to adjust its RNase versus transcriptional
activity (via activation of XBP1) under conditions of prolonged ER
stress (Hollien et al., 2009). In conditions in which homeostasis
could not be restored, such as that observed in our experimental
paradigms, the RNase activity of IRE1a would be favored over
the prosurvival transcriptional induction of angiogenic genes
such as VEGF (Han et al., 2009) by IRE1a. Interestingly, as
demonstrated in this study, VEGF was found by other reports
to be insensitive to the RIDD activity of IRE1a (Ghosh et al.,
2010).
Although the nervous system has long been considered immu-
nologically privileged, evidence for direct interplay between the
nervous and immune systems is mounting (Farina et al., 2007;71, March 5, 2013 ª2013 Elsevier Inc. 363
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Figure 6. Netrin-1 Triggers a VEGF-Dependent Proan-
giogenic Response in Macrophages
(A) Schematic description of the experimental design used for
assessing the angiogenic potential of macrophage superna-
tants after netrin-1 challenge.
(B) HRMEC proliferation was assessed by CyQUANT assay
after a 48 hr incubation with conditioned media (CM)
from macrophages stimulated with vehicle (Ctrl), netrin-1
(100 ng/mL), or netrin-1 stimulation following pretreatment
with PSB1115 (5 mM) for 30 min. Cells were incubated in the
presence of vehicle (PBS), netrin-1 (100 ng/mL), or macro-
phage CM. CM from Netrin-1-stimulated macrophages
yielded a pronounced increase in cell proliferation in an
AA2BR-dependent manner while netrin-1 alone provoked
a more modest proliferation (n = 3 separate experiments).
(C) Matrigel plug assay was employed to investigate the ability
of macrophage CM to induce vascularization in vivo. CM from
same conditions as in (B) were solubilized in Matrigel and
implanted in adult mice. Vascular growth inside the subcuta-
neously injected Matrigel was evaluated by intravenous FITC-
dextran injections and spectrophotometric quantification. CM
from netrin-1-stimulated macrophages yielded a robust
increase in vascular growth in an AA2BR-dependent manner
while netrin-1 alone did not influence vascularization.
Representative images from Matrigel plugs collected
10 days postintroduction. Scale bar: 2 mm. n = 3 separate
experiments.
(D) Area of vascular sprouting from aortic explants incubated
with same conditions as in (B). Assessment was made after
48 hr of incubation. Representative images from each condi-
tion assessed are shown. n = 12–16 aortic rings from four
separate experiments. Scale bar: 1mm.
(E) CM were preincubated with either goat IgG (Gt IgG) or an
anti-VEGF neutralizing antibody (5 mg/mL) before addition to
aortic explants. Representative images are shown. Scale bar:
1 mm; n = 9–11 aortic rings from three different experiments.
*p < 0.05, **p < 0.01, ***p < 0.001 relative to vehicle, netrin-1
100ng/mL, Ctrl CM, or netrin-1 CM ± SEM.
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Figure 7. Netrin-1-Dependent Vascular
Regeneration Is Macrophage/Microglial
Cell and VEGF Dependent
(A) Intravitreal injection of clodronate liposomes
efficiently eliminated retinal macrophages/
microglia. Retinas were injected at P11 with 1 mL
of empty (PBS) or clodronate liposomes and
collected at P14 for FACS analysis. The proportion
of CD11b+/F4-80+ (microglia) was calculated by
first gating the 7-AAD negative (viable) population.
Histograms showing the numbers of macro-
phages/microglia according to the proportion
measured by FACS analysis. Representative dot
plots are shown; n = 6 retinas/group.
(B) Depletion of retinal macrophages abrogated
netrin-1-induced revascularization of OIR retinas.
Avascular areas were determined in retinas
pretreated with 0.5 mL of empty or clodronate-
containing liposomes at P11 then injected with
100 ng/mL netrin-1 at P14. Retinas were analyzed
at P17. Representative images of flatmount
retinas are shown; n = 8–10 animals/group. *p <
0.05, **p < 0.01 relative to vehicle-injected
retinas ± SEM. Scale bar: 1 mm.
(C) Simultaneous injections of anti-VEGF neutral-
izing antibodies at P14 abolished the ability of
netrin-1 to induce vascular regeneration. Repre-
sentative images of n = 8–10 retinal flatmounts per
group are shown below. ***p < 0.001 relative to
vehicle-injected retinas ± SEM.
(D and E) Graphical depiction of principal findings
of the study. Mildly ischemic retinal ganglion
neurons produce netrin-1, which activates a crit-
ical reparative angiogenic switch inmacrophages/
microglia and precipitates vascular regeneration
of ischemic retinas (D). Sustained hypoxic stress
on RGCs provokes the degradation of netrin-1
mRNA by an IRE1a-dependent mechanism and
consequently impedes vascular regeneration (E).
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2011; Wong et al., 2011). Specifically, the innate immune system
has been intimately tied to CNS health and disease. Neuroim-
mune crosstalk can orchestrate an innate response that partici-Cell Metabolism 17, 353–3pates in beneficial events such as nerve
remyelination and microglia-derived neu-
roprotective trophic support of injured
neurons (Nguyen et al., 2002). In the
retina, monocyte-derived macrophages
participate in promoting RGC survival
and nerve regeneration following trau-
matic optic nerve injury (Leon et al.,
2000) as well as neuroprotection against
glutamate cytotoxicity and elevated in-
traocular pressure (London et al., 2011).
Of direct pertinence, resident retinal
microglia participate actively in pro-
moting developmental vascularization of
the ganglion cell layer (Checchin et al.,
2006), and resident myeloid cells have
the propensity to suppress angiogenic
branching (Stefater et al., 2011). Bonemarrow-derived myeloid progenitors migrate to avascular areas,
differentiate into microglia, and promote revascularization (Ritter
et al., 2006). We demonstrate that netrin-1 provokes an angio-
genic switch in retinal macrophages and participates in guiding71, March 5, 2013 ª2013 Elsevier Inc. 365
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Neuronal ER Stress Prevents Vascular Regenerationvascular regrowth into avascular areas of the retina. We show
that microglial depletion by clodronate liposomes abolishes the
enhanced rate of revascularization induced by netrin-1. In addi-
tion, ex vivo and in vitro assays indicate that the proangiogenic
effects of netrin-1 are mediated via macrophages in a manner
that is dependent on AA2BR function and activation of the
ERK1/ERK2 kinase. Hence, the upregulation of VEGF occurs
at a microenvironmental level at the vascular front and thus
does not precipitate destructive preretinal growth as would be
expected by an overall rise in VEGF during the vasoproliferative
phase of retinopathy. Interestingly, selective antagonists of the
AA2BR were shown to reduce preretinal neovascularization
(Mino et al., 2001), suggesting a correlation between this G
protein-coupled receptor (GPCR) and retinal angiogenesis. Our
data indicate that AA2BR is required for netrin-1 to activate
microglia to provide the tissue with an adequate level of VEGF
to revascularize the retina without contributing to extraretinal
growth. This approach may be considered counterintuitive given
the uncontestable involvement of VEGF in the pathogenesis of
ocular neovascular disease (Aiello et al., 1995; Caldwell et al.,
2003; Ferrara and Kerbel, 2005) and the currently employed anti-
angiogenic strategies for proliferative ocular disease (Stewart,
2012). However, providing minute doses of VEGF has been
shown to reduce OIR-associated pathology (Dorrell et al.,
2010). Consistent with our findings, the ability of physiological
doses of netrin-1 (50–200 ng/mL) to promote vascularization
and survival of endothelial cells has previously been demon-
strated (Park et al., 2004; Wilson et al., 2006). At the same
time, however, well-designed and sophisticated studies have366 Cell Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc.described antiangiogenic properties for netrin-1 (Larrive´e et al.,
2007) acting through the UNC5B receptor (Lu et al., 2004). Our
findings indicate that beyond a direct effect on endothelium,
netrin-1 influences cell populations associated with the vascula-
ture and suggest that this may account for some of the noted
discrepancies (Castets and Mehlen, 2010). It is important to
note that although it has been suggested that AA2BR functions
as a receptor for netrin-1 (Corset et al., 2000; Mirakaj et al.,
2011; Rosenberger et al., 2009), these results have been con-
troversial (Stein et al., 2001). Alternatively, manipulating AA2BR
function directly regulates the intracellular concentration of
cyclic AMP (cAMP), which in neurons regulates the switch
between chemoattractant and chemorepellent responses to
a netrin-1 gradient (Nishiyama et al., 2003; Shewan et al.,
2002). We speculate that a similar paradigm may thus apply to
macrophages, with intracellular levels of cAMP potentiating the
angiogenic switch.
Collectively, these findings provide mechanistic insight into
vascular regeneration in neuroischemic conditions. Our data
present the ER of CNS neurons as a key sensor of hypoxic stress
that has the propensity to modulate the reparative innate
immune response under ischemic conditions. In doing so, we
provide evidence for neuroimmune communication in neuroi-
schemic conditions such as proliferative retinopathies. When
driven beyond a hypoxic threshold however, central neurons
via IRE1a have the ability to halt vascularization, possibly in order
to deviate metabolic stores to more salvageable areas. To date,
there are no therapeutic strategies that aim to enhance vascular
regeneration in ischemic CNS tissue. In this regard, netrin-1-
stimulated macrophages may be able to override the vasoinhibi-
tory cues present within the ischemic neuronal retina (Fukushima
et al., 2011; Joyal et al., 2011) and achieve functional vascular
regeneration. The work presented in this study provides proof
of concept for the modulation of ER stress and netrin-1 for an
ischemic disorder of the CNS. Future investigation and stream-
lining will be required to translate these findings and design
therapeutic strategies to counter neuroischemic conditions
such as retinopathies.
EXPERIMENTAL PROCEDURES
Animals
All studies were performed according to the Association for Research in Vision
and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the Animal Care Committee
of the University of Montreal in agreement with the guidelines established by
the Canadian Council on Animal Care. C57Bl/6 wild-type were purchased
from The Jackson Laboratory and CD1 nursing mothers from Charles River
Laboratories.
Depletion of Macrophages by Clodronate Liposomes
We prepared clodronate liposomes (0.7 M) or control empty-liposomes (PBS-
filled) as described (van Rooijen and van Kesteren-Hendrikx, 2003) and
delivered them by intravitreal injection (0.5 mL) at P11. To visualize and
ascertain uptake of liposomes in macrophages in vitro and in vivo, we incu-
bated liposomes with the fluorescent lipophilic marker DiI according to the
manufacturer’s protocol (Invitrogen).
O2-Induced Retinopathy
Mouse pups (C57Bl6; The Jackson Laboratory) and their fostering mothers
(CD1; Charles River Laboratories) were exposed to 75% O2 from P7–P12
and returned to room air. This model serves as a proxy to human ocular
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a late phase of destructive pathological angiogenesis (Sapieha, 2012; Stahl
et al., 2010). Upon return to room air, hypoxia-driven neovascularization (NV)
develops fromP14 onward (Smith et al., 1994). We enucleated eyes at different
time points and dissected the retinas for mRNA or protein assays as
described. Dissected retinas were flatmounted and incubated overnight with
fluoresceinated isolectin B4 (1:100) in 1 mM CaCl2 to determine the extent
of avascular area or neovascularization area at P17 using ImageJ and the
SWIFT-NV method (Stahl et al., 2009).
Semiquantitative and Real-Time PCR Analysis
We isolated RNA using the GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich) and performed a digestion with deoxyribonuclease I (DNase I)
to prevent amplification of genomic DNA. We reverse transcribed the RNA
using M-MLV reverse transcriptase and analyzed gene expression using
Sybr Green in an ABI real-time PCR machine (Applied Biosystems). b-actin
was used as a reference gene. Primers sequences are displayed in Figure S7.
We investigated the splicing of XBP1 by incubating the XBP1 semiquantitative
PCR product with 0.4 U/mL of PstI enzyme for 5 hr at 37C followed by sepa-
ration on 2.5% agarose gel.
Laser-Capture Microdissection
Eyes were enucleated from P14 pups in OIR or normoxic littermates and flash
frozen inOCT.We then cut 12 mmsections using a Leica cryostat at20Cand
air dried for 10 min. We dissected retinal layers using a Zeiss Observer micro-
scope equipped with a PALM MicroBeam device for laser capture microdis-
section. We isolated mRNA from these sections and performed qPCRs as
described above.
Western Blotting
For assessment of retinal protein levels, we enucleated eyes at varying time
points and rapidly dissected and homogenized retinas. Protein concentrations
were assessed by BCA assay (Sigma), and then 30 ug of protein was analyzed
for each condition by standard SDS-PAGE technique. Antibodies used for
western blotting are listed in Figure S7.
Immunohistochemistry
To localize protein expression, eyes were enucleated from mice and fixed in
4%paraformaldehyde at room temperature for 4 hr, incubated in 30% sucrose
overnight, and then frozen in OCT compound. We then embedded the whole
eye in optimal cutting temperature compound at 20C and performed
12 mm serial sections. We carried out immunohistochemistry experiments
and visualized the sections with an epifluorescent microscope (Zeiss Axio
Imager). Antibodies used for immunohistochemistry are listed in Figure S7.
For visualization of panretinal vasculature, flatmount retinas were stained
with fluoresceinated Isolectin B4 (Alexa Fluor 594 [I21413]; Molecular Probes)
in 1 mM CaCl2 in PBS for retinal vasculature. For assessment of vascular
permeability, we injected the mice intracardially with 10 mg/mL of 70 kDa
FITC-dextran. After 5 min, the eyes were harvested and retinas were dissected
for flatmouting and visualization under a fluorescent microscope.
Preparation of Lentivirus
We produced infectious lentiviral vectors by transfecting lentivector and
packaging vectors into HEK293T cells (Invitrogen) as previously described
(Dull et al., 1998). Viral supernatants were concentrated by ultracentrifugation
(>500-fold) and titers determined by ELISA for viral p24 antigen using
a commercial kit (Clontech). The titers of the lentiviruses used were (in ng
p24) LV.GFP (15.0 ng/mL), LV.sh.RNA IRE1a (8.52 ng/mL), and LV.sh.RNA.GFP
(8.47 ng/mL).
Generation of Stable PERK- and IRE1a-Deficient RGC-5 Cell Lines
and Transfections
We stably transfected RGC-5 cells with 500 ng of shRNA plasmids targeting
PERK or IRE1a (Open Biosystems) or an unrelated shRNA (shGFP) for 16 hr
at 37C using Lipofectamine 2000 following the manufacturer’s directions.
We generated stable cell lines by selecting with 2 mg of puromycin over
2 weeks. For analysis of cleavage of netrin-1, we transfected 1 mg of an
expression plasmid for chicken netrin-1 with or without the expression plas-Cemids for shGFP, IRE1a or a dominant-negative mutant of IREa K599A, or the
RNase dead mutant K907A in HEK293T cells using Lipofectamine 2000.
Plasmids for IRE1a and IRE1a K599A were a gift from Fumihiko Urano
(Addgene plasmid #20744 and #20745), and plasmid K907A was kindly
provided by Randal J. Kaufman (Sanford-Burnham Medical Research
Institute).
Detection of Intravitreally Delivered Netrin-1
We injected a recombinant Myc-tagged netrin-1 protein in P14 OIR animals.
We collected eyes 3 hr later then fixed and dissected the retinas. We stained
the retinas using a Myc antibody, Iba1, and fluoresceinated isolectin B4.
Flatmounted retinas were visualized using a confocal microscope equipped
with an argon laser (LMS5; Zeiss). We generated a 3D reconstruction
of >20 z stack layers using the Velocity software.
Microvascular Sprouting of Aortic Rings
Aortae from adult C57Bl6 mice were dissected and sectioned into 1 mm rings,
which were immediately transferred to reduced growth factor Matrigel. After
3 days in EBM basal medium (Lonza), we incubated the rings with 500 uL of
macrophage-conditioned media. Rings were photographed with an inverted
microscope (Zeiss Axio Imager) before and 48 hr posttreatment. Variation in
the vascular area surrounding the aortic ring was calculated using ImageJ
software.
CyQUANT Proliferation Assay
Primary human retinal microvascular endothelial cells (HRMEC passages six
to ten from Cell Systems) were starved for 12 hr in EBM-2 medium (Lonza)
plus 0.5% fetal bovine serum prior to treatment with macrophage-conditioned
media or controls. We assessed the proliferation rates of 5,000 HRMEC
cells/well using the CyQUANT NF Cell Proliferation Assay Kit (Invitrogen)
(according to instructions given by the manufacturer) after 48 hr of incubation.
Isolation of Primary Microglia
Brains fromP14 pupswere homogenized in ice-cold L15medium (GIBCO) and
incubated for 15 min in 0.05% trypsin-EDTA (GIBCO) at 37C. The reaction
was stopped by addition of equal volumes of fetal bovine serum. We added
75 U/mL of DNase I (Sigma) before filtering through a 70 mm cell strainer. After
9 days of incubation in DMEMmedia (Invitrogen) supplemented with 10% fetal
bovine serum and penicillin/streptomycin, microglia were detached from the
plates by gentle shaking (150 rpm for 2 hr at 37C). Purity of preparations
was confirmed by FACS analysis.
Matrigel Plug Assay
Macrophage-conditioned media (80 ml) was mixed with 500 uL of reduced
growth factor Matrigel (BD Biosciences) at 4C. The mixture was injected
subcutaneously in the abdominal region of C57Bl6 mice (6 weeks old). After
10 days, we injected 200 ml of FITC-dextran (2,000,000 MW; 25 mg/mL)
intravenously 15 min prior to dissection of the overlying skin and harvesting
of the Matrigel plug. We photographed the plugs using an epifluorescent
microscope (Zeiss AxioImager) then weighted and homogenized the plugs in
1 mg/mL of collagenase/dispase (Roche) overnight at 37C in the dark. The
next day, we centrifuged homogenates and measured fluorescence intensity
of supernatants at 480/520 nm.
FACS of Digested Retinas
Retinas from clodronate or empty liposome-injected eyes were homogenized
with a solution of 750 U/mL DNaseI (Sigma) and 0.5 mg/mL of collagenase
D (Roche) for 15 min at 37C with gentle shaking. Homogenates were
the filtered with a 70 mm cell strainer and washed in RPMI + 2% fetal
bovine serum. We used PE-F4/80, FITC-CD11b, 7-AAD antibodies for detec-
tion of macrophages and performed analysis using a BD FACSCanto device
(BD Biosciences) and the FlowJo 7.6 software. Antibodies are listed in
Figure S7.
Preparation of Macrophage-Conditioned Media
Supernatants were collected from J774 cells that had been incubated for 24 hr
in the presence of various concentrations of netrin-1 and/or inhibitors.
Supernatants were centrifuged, filtered, and then frozen for subsequent use.ll Metabolism 17, 353–371, March 5, 2013 ª2013 Elsevier Inc. 367
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For prediction of the secondary structure of mRNA, we analyzed the murine
sequence of netrin-1 mRNA using CentroidFold program (http://www.ncrna.
org/centroidfold).
IRE1a In Vitro Cleavage Assay
Thirty micrograms of total RNA extracted from HEK transfected or not with an
expression plasmid for netrin-1 was subjected to digestion by the IRE1a
recombinant enzyme (5 mg) for 2 hr at 37C in a 53 digestion buffer
(250 mM Tris [pH 7.5], 600 mM NaCl, 5 mM MgCl2, 5 mM MnCl2, 25 mM
b-mercaptoethanol, 10 mM ATP). The digested RNA was analyzed by semi-
quantitative PCR using sets of primers spanning different regions in the
netrin-1 mRNA.
Northern Blotting
Fiftymicrogramsof totalRNAwasseparatedona formaldehydeagarosegel and
transferred to a nitrocellulose membrane. The membrane was then incubated
with a radiolabelled netrin-1-specific probe (<500 pb fragment of a SacII-PvuI
digestion product of the netrin-1 expression plasmid) overnight at 42C.
Statistical Analyses
Data are presented as mean ± SEM. We used Student’s t test to compare the
different groups; p < 0.05 was considered statistically different.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and one movie and can be
found with this article online at http://dx.doi.org/10.1016/j.cmet.2013.02.003.
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